RESULTS:
A total of 388 patients (4F-PCC, n 5 191; plasma, n 5 197) were enrolled. Volume overload occurred in 34 (9%) patients (4F-PCC, n 5 9; plasma, n 5 25). In univariate analyses, use of plasma (vs. 4F-PCC), use of nonstudy plasma and/or platelets, race, history of congestive heart failure (CHF), and history of renal disease were associated with volume overload. In multivariate analyses, use of plasma (vs. 4F-PCC), history of CHF, and history of renal disease were independent volume overload predictors. In an additional analysis restricted to volume overload events recorded up to Day 7, only use of plasma (vs. 4F-PCC) was an independent volume overload predictor.
CONCLUSIONS:
After adjusting for other potential risk factors, plasma use was independently associated with a greater risk of volume overload than 4F-PCC in patients requiring urgent VKA reversal. V itamin K antagonists (VKAs), such as warfarin, are widely used for the primary and secondary prevention of venous and arterial thrombotic events. 1 In 2013, approximately 3.4 million patients were prescribed warfarin in the United States. 2 While interruption of VKA treatment may be sufficient to prevent excessive bleeding in patients requiring elective surgery, rapid VKA reversal is required before urgent surgical procedures or in patients with acute major bleeding. Major bleeding episodes have been reported in 1.7% to 3.4% of VKA-treated patients and, in the United States, approximately two-thirds of the more than 60,000 annual emergency department visits by VKA-treated patients are associated with acute hemorrhaging. 3, 4 Plasma (typically fresh-frozen plasma) is commonly used for urgent VKA reversal, but its use has been associated with complications such as volume overload. 1, [5] [6] [7] This is particularly significant in patients with cardiac or renal disease, who are at increased risk of developing volume overload, 8 and in whom volume overload is associated with poorer outcomes. [9] [10] [11] [12] In an observational study of 23,347 patients with acute bleeding requiring urgent VKA reversal, the number of plasma units administered was highly correlated with the incidence of volume overload (r > 0.91) and was associated with admission to the intensive care unit, inpatient mortality, and discharges to nursing home facilities and hospices. 6 However, interpretation of these results is limited by lack of a control treatment arm. Current American and European treatment guidelines recommend four-factor prothrombin complex concentrate (4F-PCC) for urgent VKA reversal. [13] [14] [15] 4F-PCCs are lyophilized, nonactivated concentrates of vitamin K-dependent coagulation factors II, VII, IX, and X and proteins C and S. 1, 16 This study analyzed predictors of volume overload based on data collected during two recently completed randomized controlled trials (RCTs) that evaluated the efficacy of 4F-PCC versus plasma in patients requiring urgent VKA reversal for acute major bleeding or before an urgent surgical or invasive procedure.
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MATERIALS AND METHODS
Study design
This study is a post hoc analysis of patient-level data collected from two international, multicenter, Phase IIIb, prospective, active-controlled, open-label, randomized noninferiority trials. These two RCTs evaluated VKAtreated patients presenting with acute major bleeding (NCT00708435) or requiring an urgent surgical or invasive procedure (NCT00803101) who were randomly assigned to receive plasma or 4F-PCC (Beriplex/Kcentra, CSL Behring, Marburg, Germany), concomitant with vitamin K; methods and results have been reported previously. 17, 18 Both RCTs were sponsored by CSL Behring, conducted according to local legal requirements and registered at www.clinicaltrials.gov; written informed consent was obtained for all patients.
Participants and interventions
Patients enrolled in the RCTs and considered in this post hoc analysis were at least 18 years of age, were receiving VKA therapy, presented with acute major bleeding or required an urgent surgical or invasive procedure within 24 hours of the start of study treatment infusion, and had an international normalized ratio (INR) of at least 2 during the 3 hours before the start of study treatment. 17, 18 On Day 1, patients received a single intravenous infusion of their assigned study treatment (plasma or 4F-PCC); dose was based on baseline INR and body weight (Table  S1 , available as supporting information in the online version of this paper). 17, 18 4F-PCC was administered at an infusion rate of not more than 3 international units (IU)/kg/min. In both RCTs, the infusion rate for plasma was at the discretion of the clinical team; however, in the acute bleeding study, an infusion rate of 1 unit per 30-minute interval was recommended by the protocol. All patients were also to receive vitamin K according to American College of Chest Physicians guidelines (2008) 19 or local practice if different.
Data collection
Adverse events (AEs) observed by the investigator or reported by the study patient were prospectively captured and recorded up to Day 10 (visit window Days 7-11), and coded according to the Medical Dictionary for Regulatory Activities (MedDRA) Version 12.0. Serious AEs (SAEs) were recorded up to Day 45 (visit window Days 43-51). Safety was evaluated by an independent data and safety monitoring board; in addition, SAEs were reviewed by a blinded safety adjudication board. For this post hoc analysis, volume overload events were analyzed by patient (for patients with more than one event, only the first occurring volume overload event was considered), considered up to Day 51, and identified using the following investigator-defined AE terms: fluid overload, pulmonary edema, cardiac failure congestive, cardiac failure chronic, and cardiac failure. Subsequent to the publication of the results of the acute bleeding study, 17 an additional volume overload event, previously omitted from the volume overload event count due to a coding error (but included in the AE count), was reported in the 4F-PCC group. This event is included in the analysis of fluid overload predictors reported here.
Statistical analysis
Data were analyzed using computer software (SAS, Version 9.3, SAS Institute, Inc., Cary, NC). The analysis was conducted using the intent-to-treat safety population, comprising all randomized patients who received any portion of study product; patients with missing values for the potential predictor variables were to be excluded from the analysis. No power calculation was performed for this post hoc analysis. All variables used in the model were dichotomous except for age, which was used as a continuous variable measured to the nearest year. Potential predictors of volume overload were evaluated on a univariate basis (chi-square, Wilcoxon rank-sum tests); variables demonstrating a p value of less than 0.05 for individual prediction of volume overload were entered into a forward stepwise logistic regression algorithm to select the best predictors for the final multivariate model. The selected predictors were then evaluated by multivariate logistic regression using an exact model fitting algorithm where necessary to deal with small stratum sizes. Significant predictors in this model were defined based on a p value of less than 0.05. In addition to the analysis of volume overload events occurring during the full SAE reporting period (up to Day 51), a multivariate analysis was also carried out on volume overload events occurring up to Day 7. The possible predictors of volume overload evaluated by univariate analysis were: study treatment (plasma vs. 4F-PCC), race (white vs. nonwhite), history of congestive heart failure (CHF; defined according to MedDRA highlevel group term "heart failures"), history of coronary artery disease (CAD; defined according to MedDRA highlevel group term "coronary artery disorders"), history of renal disease (defined according to MedDRA high-level term "renal failure and impairment"), age, sex, red blood cell (RBC) usage, use of nonstudy plasma (i.e., any plasma administered in addition to the per-protocol specified study plasma infusion) or platelets (PLTs), and volume expander usage. RBC usage included RBCs and whole blood. Volume expanders included hetastarch, albumin, gelofusin, dextran, gelafundin, and hyetellose with sodium chloride. Administration of RBCs, nonstudy plasma and/ or PLTs, and volume expanders was considered up to 24 hours after study product infusion in patients without volume overload (including transfusions that started before study product infusion and were ongoing at the start of study product infusion) and up to the start day and time of the first volume overload event in patients with volume overload. The multivariate analysis was performed with and without use of nonstudy plasma and/or PLTs as a predictor variable. Use of crystalloids was not analyzed as data were not uniformly captured. An additional analysis also evaluated the potential association between plasma infusion rate and history of CHF, CAD, or renal disease using the Wilcoxon rank-sum test.
RESULTS
Demographics
The pooled safety population comprised 388 patients (plasma, n 5 197; 4F-PCC, n 5 191; Table 1 ). Baseline data and characteristics were similar between treatment groups. A large proportion of patients in the plasma and 4F-PCC groups had a prior history of CHF (41.1 and 36.7%, respectively), CAD (50.3 and 50.3%, respectively), and/or renal disease (22.8 and 24.6%, respectively). Baseline characteristics for patients who did or did not experience a volume overload event are also presented in Table 1 .
Interventions
The median (range) 4F-PCC dose, volume, and infusion time were 25 (15.5-50.5) IU/kg, 90 (48-230) mL, and 17 (7-288) minutes, respectively. The median (range) plasma dose, volume, and infusion time were 10 (3.9-17.7) mL/kg, 800 (353-1525) mL, and 120 (22-928) minutes, respectively. The volume of study plasma and 4F-PCC administered to patients with or without volume overload is presented in Fig. 1 . In each treatment group, infusion volumes and rates were similar between patients who did or did not experience a volume overload event. Of note, the median volume of study plasma administered was approximately nine times greater than that of 4F-PCC.
Volume overload events
Volume overload occurred in 25 (12.7%) patients in the plasma group and nine (4.7%) patients in the 4F-PCC group (Tables 1 and 2 ). Some patients experienced more than one volume overload event during the full SAE reporting period (up to Day 51) and the total number of volume overload events recorded was 40 (plasma, n 5 29; 4F-PCC, n 5 11; Table 2 ). In the 4F-PCC group "cardiac failure congestive" was the most common volume overload event (6/11; 54.5%) whereas there were no events listed as "fluid overload." In the plasma group, the most common volume overload event was "(acute) pulmonary edema" (10/29; 34.5%) and seven events (24.1%) were listed as "fluid overload." The majority (14/25; 56%) of patients with volume overload events in the plasma group received the 10 mL/kg dose. This majority is proportionate to the overall planned dose groups in the study: 62% of patients in the plasma group were assigned to receive 10 mL/kg (Table S2 , available as supporting information in the online version of this paper). Timings of volume overload events are presented in Fig. 2 . The majority of volume overload events occurred within the first 7 days after study product infusion (21/29 [72.4%] in the plasma group and 7/11 [63.6%] in the 4F-PCC group). There were no volume overload events on Days 1 to 3 in the 4F-PCC group, compared with 17 events in the plasma group. Fourteen volume overload events in the plasma group (48.3%), and none in the 4F-PCC group, were considered treatment-related by the investigator (Fig. 2) . Additional details of patients who experienced a volume overload event, including nonstudy product transfusions, are presented in Table S3 (available as supporting information in the online version of this paper). Data regarding plasma infusion rate (Figs. S1 and S2, available as supporting information in the online version of this paper) and use of diuretics (Fig. S3 , available as supporting information in the online version of this paper) are also reported in the supplementary materials.
Predictors of volume overload (univariate analysis)
Treatment with plasma (vs. 4F-PCC), race (white vs. nonwhite), use of nonstudy plasma and/or PLTs, history of CHF, and history of renal disease were significantly associated with volume overload (Table 3 ). All other variables, including history of CAD, RBCs, age, and volume expander usage were not significant (p > 0.05; Table 3 ).
Predictors of volume overload (multivariate analyses)
Plasma versus 4F-PCC use, history of CHF, and history of renal disease were the only significant predictors of volume overload (p < 0.05; Table 3 ) regardless of the model used for the analysis (i.e., with or without use of nonstudy plasma and/or PLTs in the model). All other variables, including use of nonstudy plasma and/or PLTs and race, were not significant (p > 0.05; data not shown). An additional post hoc analysis, restricted to volume overload events that occurred up to Day 7 (4F-PCC, n 5 7; plasma, n 5 21), was conducted. In multivariate analyses, only use of plasma (vs. 4F-PCC) was found to be a predictor of volume overload in this time-restricted model.
DISCUSSION
This study used a post hoc statistical analysis approach to identify factors associated with volume overload, based on data collected in two RCTs that compared plasma and 4F-PCC for urgent VKA reversal. Volume overload occurred in 25 of 197 (12.7%) patients in the plasma group and nine of 191 (4.7%) patients in the 4F-PCC group. Based on multivariate analysis, use of plasma versus 4F-PCC, history of CHF, and history of renal disease were the only significant predictors of volume overload, regardless of the model used. Although use of nonstudy plasma and/or PLTs and race were risk factors for volume overload in univariate analyses, these effects were nonsignificant after controlling for medical comorbidities.
Based on the estimated number of patients prescribed warfarin each year, and the percentage of those patients affected by major bleeding episodes, 2, 3 approximately 57,000 to 116,000 VKA-treated patients could experience major bleeding episodes requiring urgent VKA reversal every year, an estimate that does not take into account patients who require urgent VKA reversal before emergency surgery. Understanding factors that may be associated with development of volume overload following VKA reversal therapy would thus be highly relevant to a large number of patients and physicians. In addition, the identification of alternative VKA reversal agents that are at least as effective as plasma, but potentially associated with a lower risk of volume overload, is of particular importance. 4F-PCC has been shown in RCTs to be an effective alternative to plasma for VKA reversal in patients with acute major bleeding or in need of an urgent surgical or invasive procedure. Although these RCTs were not powered for safety, the safety profile of 4F-PCC was found to be generally similar to that of plasma and no significant differences in the incidence of AEs, SAEs, thromboembolic events, and deaths were observed between treatment groups.
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The main post hoc analysis included volume overload events reported over the entire SAE reporting period. However, when evaluating VKA reversal agents as potential predictors of volume overload, it may be more relevant to assess only those volume overload events that occurred soon after product infusion. In the additional post hoc analysis restricted to volume overload events that occurred up to Day 7, only use of plasma (vs. 4F-PCC) was found to be a predictor of volume overload. In this timerestricted model, history of CHF and renal disease were no longer found to be significant. It may be that this loss of significance is due to the reduced statistical power (smaller number of events). Despite this loss of significance, it should be noted that a large proportion of patients who developed volume overload during this 7-day period had a history for at least one of the three comorbidities (CHF, CAD, or renal disease; five of seven [71.4%] patients in the 4F-PCC group and 17 of 21 [81.0%] patients in the plasma group; Table 2 ). It is of interest to understand why certain patients in the 4F-PCC group experienced volume overload. It is possible that pre-existing comorbidities predisposed these patients to a volume overload event. 20, 21 In this regard, it is notable that the predominant indication for VKA treatment in these patients was atrial fibrillation (Table 2) , a medical condition that is known to be associated with CHF, 22 which was, in turn, the most common volume overload event listing in these patients (six of 11 [54.5%] volume overload events; . Although blood product usage might be expected to be a contributing factor to volume overload, this was not found to be the case in this study; the effect of using RBCs was nonsignificant in the univariate analysis and the effect of using nonstudy plasma and/or PLTs, although significant in the univariate analysis, was nonsignificant in the multivariate analysis. Diuretics are commonly given to patients at high risk of volume overload, such as the elderly and patients with CHF, CAD, renal dysfunction, pulmonary disorders, and/ or a previous history of volume overload. In this study, a higher proportion of plasma-treated patients with a history of CHF, CAD, or renal disease were given diuretics during VKA reversal, compared with patients who did not have such comorbidities (Fig. S3 ). Similar observations were made for 4F-PCC-treated patients (Fig. S3 ). Despite these preventative measures, it should be noted that a large proportion of the patients who developed volume overload had received diuretics (21/25 [84.0%] and seven of nine [77.8%] in the plasma and 4F-PCC groups, respectively), illustrating the fragile fluid balance that these patients need to maintain.
In practice, plasma is usually administered at lower rates in patients with a high risk of volume overload. In this study, no significant differences in the plasma infusion rate were observed in all plasma-treated patients based on their prior history of disease (Fig. S2) . However, lower infusion rates were observed in plasmatreated patients with a history of CHF, CAD, or renal disease who developed fluid overload compared with those who did not. Volume overload events in the plasma group occurred over a large range of plasma infusion rates and volumes (Fig. S1) , indicating that these factors may not have been as relevant to the onset of volume overload in our studies compared with previously published results. 5 Alternatively, local providers may have adjusted the infusion rate based on information that was not captured, such as patient response to the initial unit of plasma, physical examination findings, or other data; as a result, they may have provided more rapid infusion to lower risk patients and slower infusions for higher risk patients.
One of the study limitations is that this is a post hoc analysis. Furthermore, the RCTs used for this analysis were designed as efficacy trials, and not safety studies, and were therefore not powered to analyze betweentreatment group differences in terms of safety outcomes. However, this limitation would not apply in cases where significant between-group differences were observed. Finally, although this analysis did take into account the transfusion of nonstudy fluids such as RBCs, nonstudy plasma, PLTs, and colloids, it could not account for all fluids administered (e.g., crystalloids) as data were not uniformly captured.
In summary, this study shows that the use of plasma (vs. 4F-PCC), history of CHF, and history of renal disease appear to be independently predictive of volume overload. Careful consideration should be given to the use of plasma for urgent VKA reversal and alternative VKA reversal therapies, such as 4F-PCC, should be considered.
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